The current study evaluated the effects of autoclave polymerization both with and without glass fiber (GF) reinforcement on the surface roughness and hardness of acrylic denture base material. Ninety disc specimens (30×2.5 mm) were prepared from Vertex resin and divided according to polymerization techniques into a water bath, short and long autoclave polymerization groups. Tested groups were divided into three subgroups according to the GF concentration (0, 2.5, and 5 wt%). Profilometer and Vickers hardness tests were performed to measure surface roughness and hardness. ANOVA and Tukey-Kramer multiple comparison tests analyzed the results, and p≤0.05 was considered statistically significant. Autoclave polymerization significantly decreased the surface roughness and increased the hardness of acrylic resin without GF reinforcement (p<0.05). However, 5 wt% GF addition significantly increased surface roughness and decreased hardness of the autoclave polymerized denture base resin (p<0.05). Surface properties of Polymethyl methacrylate (PMMA) denture base material improved with autoclave polymerization and negatively affected with GFs addition.
INTRODUCTION
Polymethyl methacrylate (PMMA) acrylic resin has been the most popular and widely used denture base material for more than 60 years; however, it does not perform ideally 1) . In the past few years, PMMA polymerization techniques have been modified not only to improve PMMA's physical and mechanical properties but also to improve its working properties that facilitate laboratory processing techniques 1, 2) . Various researchers have investigated modified procedures, using microwaves, visible light, and autoclave polymerization, all of which foster quicker PMMA polymerization while maintaining good material properties [1] [2] [3] . To be competitive with the current PMMA manufacturing techniques, new polymerization techniques must provide results at least equivalent to the conventionally-approved water bath technique while also offering improved material properties. Charles Chamberland originally designed the autoclave technique in 1879 that is commonly used today in microbiology, medicine, and dentistry 4, 5) . The autoclave is a device used for equipment sterilization by subjecting the contents to high-pressure saturated steam at 121 o C for 15-20 min 4, 5) . Using the same technique, it is possible to polymerize acrylic resin in a very short time 2) . Autoclave polymerization enhances the physical and mechanical properties of PMMA by increasing the degree of conversion and reducing the residual monomer content 4, 6) , due to diffusion of the unreacted molecules into the polymer matrix by the pressure that is applied during autoclave polymerization. The applied pressure plays an important role in speeding up the initial polymerization by raising the temperature of the steam and elevating the boiling temperature of the monomer, which then may cause a reduction in the residual monomer content 7) . In addition, the increased temperature and pressure may enhance the degree of conversion resulting in lower level of residual monomer and subsequently lead to an improvement in the properties PMMA [8] [9] [10] . In previous studies 2, 6, [11] [12] [13] , autoclave polymerization of PMMA has been used with different temperature and pressure levels; 55 o C/2.5 bar 13) , 120 o C/6 bar 12) , 121 o C/2.1 bar 2) , and 130 o C/3 bar 6, 11) . Alternative techniques that improve the mechanical and surface properties of the acrylic resins include the addition of glass fiber (GF) to the acrylic resin material [14] [15] [16] . Advantages of high mechanical properties, biocompatibility, wettability, favorable aesthetic qualities, and stability in the oral environment make GF a suitable material for acrylic resins' reinforcement 14, 15, [17] [18] [19] [20] [21] . The efficiency of GF reinforcement is influenced by various factors, such as quantity, length and the orientation of GF 22) . Furthermore, GF treatment with a silane coupling agent increases the bond between fiber and resin matrix 19, 20) . Keyf et al. reported that GF addition without silane treatment might deteriorate the acrylic resin, as the GFs would not be bonded to the resin and may act simply as another material inside the resin 23) . A variety of physical properties can be used to assess the strength of denture materials, and it is important to determine the surface roughness and hardness of PMMA materials, as these properties influence the clinical performance and longevity of this material 3, 24) . Rougher denture base surfaces are annoying to patients, leading to discoloration, increasing plaque accumulation, and bacterial and fungal adhesion [24] [25] [26] , affecting both the aesthetic appeal and longevity of the denture 27) . Therefore, the surface roughness properties of a denture base material should be evaluated prior to clinical usage. Moreover, when dentures are manufactured with harder acrylic resins, they are more resistant to all forms of damage 16) . Because the denture base material is subjected to scratching and abrasion during denture wear or mechanical cleansing, the hardness property indicates the proper material selection. Furthermore, resin materials with low surface hardness are liable to damage through brushing, which eventually results in increased surface roughness 27) . The appropriate method to evaluate the surface hardness is the Vickers hardness (micro-hardness) test, which determines the ability of the material to resist the penetration of a specific load 19, 24, 28, 29) . Although several studies have investigated the effects of the addition of GFs to PMMA denture bases on their strength and fracture resistance, the effects of GFs' addition on PMMA's surface properties have not been well evaluated. Moreover, there were only a few investigations that assessed the effects of autoclave polymerization on the surface properties of acrylic resins. Hence, the effect of autoclave polymerization on the properties of GF-reinforced PMMA denture bases has been previously neglected. Therefore, this study evaluated the effects of autoclave polymerization with and without GFs reinforcement on the surface roughness and hardness properties of PMMA denture base materials. The first null hypothesis is that the autoclave polymerization does not improve the surface roughness and hardness properties of PMMA denture base materials. The second null hypothesis is that the GFs addition do not affect the surface roughness and hardness.
MATERIALS AND METHODS
A total of 90 disc-shaped (n=10) (30 mm diameter×2.5 mm thickness) specimens were prepared from heatpolymerized denture base material (Vertex Dental, Zeist, The Netherlands). According to polymerization techniques, specimens were divided into three groups. Each group was divided into 3 subgroups according to GFs concentrations with ten specimens included within each group (n=10) ( Table 1) . For all groups, 90 wax models were prepared for the specific size of specimens and then were contained within metal flasks (61B Two Flask Compress, Handler Manufacturing, Westfild, NJ, USA) using a dental stone (Fujirock EP, GC, Leuven, Belgium). Next, flasks were placed into boiling water for 5 min to melt away all waxes and create mold spaces for the acrylic resin. After that, a separating medium (Isolmajor, Major Prodotti Dentari, Moncalieri, Italy) was applied to the exposed stone surface and then allowed to dry.
For the reinforced groups, GFs (E-glass, length=3 mm, diameter=12 μm, Shanghai Richem International, Shanghai, China) were weighed to create 2.5 and 5 wt% of acrylic powder on the electronic balance (S-234, Denver Instrument, Bohemia, NY, USA). Pre-weighed GFs were treated with silane coupling agent (3-trimethoxysilyl propyl methacrylate, 97%) (gamma-MPTS) (Shanghai Richem International) by an average of 1.5 mL of silane coupling agent for each 1 gm of GFs for 1 min at room temperature, followed by being dried at 60°C for 24 h 30) . The pre-weighted treated GFs were incorporated into the acrylic resin in a plastic beakers using an electric mixer for 1 min. Then they were mixed with PMMA powder and stirred with a blender at a rotating speed of 400 rpm for 30 min to achieve an equal distribution of fiber within acrylic powder. According to the manufacturer's instructions, acrylic resin polymers (with and without GFs reinforcement) were dispersed in a methyl methacrylate monomer with a monomer/polymer mass ratio of 0.95 g liquid/2.3 g powder mixed and packed at the doughy stage into the molds. Then, flasks were closed and pressed under 20.68 MPa using the hydraulic pressure machine (WW-33 Hydraulic press, Wassermann Dental-Machinen, Hamburg, Germany) and kept at room temperature for 1 h. The flasks with acrylic resins were subjected to one of the polymerization techniques: the water bath method, a short autoclave polymerization cycle, or a long autoclave polymerization cycle (Table 1) . After the specimens' polymerization was completed, the specimens were finished and polished according to the protocol traditionally prescribed by the ISO 20795 standard No.12. Excess resins were removed with a tungsten carbide burr (HM251FX-040-HP, Meisinger, Centennial, CO, USA) then using a 600-grit abrasive paper under running water. Next, a soft bristle brush with fine pumice dust (Steribim super, Bego, Bremen, Germany), mixed to an equal volume of water is used for polishing and stored in distilled water at 37°C for 72 h.
Testing procedures
A noncontact optical interferometric Profilometer (Contour Gt-K1 optical profiler, Bruker Nano, Tucson, AZ, USA) was used to measure the surface roughness (Ra) of the acrylic specimens at a 0.01 mm resolution. Each specimen was placed horizontally under a standard camera 20×, and scanned an area approximately 0.43×0.58 mm. Each specimen was scanned on its surface at 5 sites radially (across each specimen), and the average was calculated for each specimen. The acquired images were then analyzed using a software package (Vision64, Bruker Nano) to determine pit characteristics. Then, the final Ra value (μm) was calculated for each specimen.
The scanning electron microscope (SEM) (ISPECT S50, FEI, Brno, Czec Republic) was used to examine the surface topography of the specimens. The acceleration voltage used to perform SEM images was set at 15 and 20 kV, the working distance was ~10 mm with 3.5 spot size. Gold coating was applied using sputter coating machine (Q150R ES, Quorum, Laughton, UK) to overcome the less conductive nature of the material. The specimens were mounted on a metallic stub using a double-sided adhesive tape. To obtain a better visual inspection, images were taken at different magnifications to note important features about the surface characteristic and changes.
A micro-hardness test (Vickers Hardness (VH)) was performed using a Vickers tester (Tukon 1102, Wilson Hardness, ITW Test & Measurement, Shanghai, China) at 300 g for 15 s for all specimens. Load was applied to the midpoint of the denture base material specimens using a diamond pyramid indenter. Next, diagonals of the indentation were measured by microscope, and the hardness values were assessed. A total of five indentations were made at different points (the same selected areas for each specimen), on each specimen, and the means of individual specimens were calculated.
Statistical analysis
The statistical analyses of the obtained data were performed using a one-way analysis of variance test (ANOVA) (IBM SPSS Statistics). A Tukey-Kramer multiple-comparison test was used for results' analysis, which showed statistical significance at p≤0.05. Table 2 presents the mean values and standard deviation (SD) of surface roughness (Ra) for all tested groups. Generally, autoclave polymerization showed significantly lower surface roughness values (Ra) when compared to the water bath method (p<0.05). Statistical Fig. 1 Representative surface roughness images of tested specimens (group I). A: (WB); B: (2WB); C: (5WB).
RESULTS

Fig. 2 Representative surface roughness images for tested specimens (group II). A: (AS); B: (2AS); C: (5AS).
analysis showed that the 5WB had significantly the highest surface roughness value (0.129+0.005), while the AL represented the lowest surface roughness mean values (0.065±0.003 μm) among the tested groups ( and 5B) while others emerge longitudinal with the level of the specimen's surface or come out resulted in the change of surfaces (Fig. 5A) . The mean and SD values of the Vickers hardness (VH) for each tested group are represented in Table  2 . The statistical analysis showed that the autoclave polymerization groups had significantly the highest VH mean values in comparison to water bath group (p<0.05) except 5WB compared to 5AS (p>0.05). It was noted that Within the group I, statistically no significant differences found between WB, 2WB, and 5WB subgroups. For group II, the lowest VH showed with 5AS significantly while no significant difference between AS and 2AS. For group III, there is significant differences between AL and 5AL while no significant differences between 2AL and AL&5AL. Within unreinforced subgroups, there is no significant differences between group II and III while group I showed the lowest VH. Within the reinforced subgroups, 5AS showed a significant difference with 2WB, 2AS, 2AL while 5AS showed no significant differences with 5AL and 5WB subgroups.
DISCUSSION
The current study evaluated the effect of autoclave polymerization and GFs addition on surface roughness and hardness of PMMA denture base material in comparison to water bath polymerization. The study results showed that the autoclave polymerization cycles significantly improved the Ra and hardness (p<0.05) and GFs addition significantly affected the Ra and hardness (p<0.05), thus both null hypotheses were rejected. Based on the results of the current study, autoclave polymerization led to a statistically significant reduction in the materials' surface roughness. The improvement in Ra values could be attributed to the levels of heat and pressure during autoclave polymerization, where the increase in the degree of conversion reduced the residual monomer and also improved surface roughness 31) . Autoclave polymerization significantly showed a lower Ra value in comparison to the control group, which was in agreement with previous research 32) . However, this study's findings were in disagreement with Nazhat et al. 33) who found that there were no significant differences between the autoclave polymerization and the water bath methods. These variations may be due to using a different autoclave polymerization cycles and/or another resin type.
Despite the lack of sufficient scientific evidence on the effects of different polymerization methods with GF reinforcement for the purpose of comparison, the results of the present study showed that the autoclave polymerization of acrylic resins with GF reinforcements increased the Ra values. Any addition of GFs resulted in significant increase in Ra between unreinforced, 2.5 and 5 wt% GFs subgroups which declared that Ra values increased as GFs concentrations increased in all tested groups. This factor implies that the fibers' effects depend on their concentrations 22) . The increase of surface roughness can be explained by the random arrangement of the GFs at the surface and the possibility of protruding GFs from the surface (Figs. 4B and 5A) . Moreover, this increase may be attributed to specimens' surface defects due to the lack of bonding between the acrylic resin and GFs (Fig. 5B) . Although the high roughness values recorded with 5%GFs, the surface roughness of the tested groups were lower than the reported clinically acceptable value (0.2 μm) 34) . The results of the surface hardness test revealed that the autoclave polymerized groups presented the higher VH values when compared to WB group. Heat and pressure inside the autoclave led to a high degree of conversion 35) which consequently increased the materials' hardness property and decreased residual monomer content 11, 36) . It was reported that hardness values are directly proportional to the amount of residual monomer content 37, 38) . Additionally, the plasticizing effect of residual monomer, that weakens the surface hardness, was reduced due to high monomer conversion 11, 36) . In agreement with results of the current study, previous studies by Ayaz et al. 11) and Ali et al. 39) found that the maximum strength could be attained with high temperature in the processing unit ensured complete polymerization due to high monomer conversion. In contrast, Ming et al. 12) found that there was no statically significant difference between the autoclave and the water bath polymerization methods. This difference may be due to using another resin type and/or different polymerization cycles. In addition, they used a pressure cooker filled with water, inflated with 6 bar air pressure, heated to 120 o C, and maintained for 10 min. The present study demonstrated a decrease in the VH values of acrylic resins when GF was added to the polymers matrix as compared to unreinforced groups. Among the GF reinforced groups, in autoclave groups, the addition of 5 wt% GF showed a significant decrease in VH values in comparison to unreinforced groups, while no significance difference between unreinforced and 2.5% GFs groups which confirmed that VH did not affect with low concentration while decreased with 5% GF concentrations. Alternately, this study found that during specimens' fabrication there was a possibility of the GFs overlapping and clustering creating structural defects at the surface of the specimen, which might affect the integrity of the matrix, and this possibility became greater as the GF concentration increased 16) . Chen et al. 40) found that the random orientation and alignment of the GFs produced the lowest indentation resistance, and a higher percentage of residual monomer content, which has a plasticizing effect 13) , reduced the resistance of the material 41) . Finally, autoclave polymerization improved both surface roughness and hardness of the tested material, in addition to introducing easier laboratory work and timesaving procedures for removable prosthesis fabrication. Consequently, autoclave polymerization could be used as an alternative method instead of the conventional water bath polymerization technique. Moreover, silanized GFs addition in low concentrations to autoclave polymerized PMMA seems to be the most effective technique among the tested materials for denture base material, whereas many studies used GFs primarily to improve the mechanical properties 14, 16, 18, 40) . So we would recommend of GFs addition in low concentrations to prevent the deterioration of the materials' surface properties.
The limitations of this study included using of bar specimens alternative to multifaceted denture shapes as well as the absence of environment that mimic oral conditions and absence of aging procedures as thermal cycling effects. Further research should be conducted to investigate the effects of autoclave polymerization on GF-reinforced PMMA resin; particularly its effects on mechanical properties and biocompatibility, taking into consideration aging factors to obtain the most appropriate material for denture base construction. Despite the autoclave polymerization advantages, elevated temperature may limit its use 42) . So, the results of this study must be interpreted with cautions, because a different performance can be obtained with different temperature and pressure levels which indicate further investigations.
CONCLUSION
Within the limitations of this study, autoclave polymerization significantly reduced the surface roughness and increased the hardness of the acrylic resin denture base material and could be used as an alternative to the water bath polymerization method. GF reinforcement negatively affected the surface roughness and the hardness properties of autoclave polymerized PMMA denture base resin, particularly at high GF concentrations.
